A comprehensive study of the dichroic atomic vapour laser lock (DAVLL) lineshapes for the D2 transitions in atomic rubidium is presented. All four Doppler-broadened transitions (
Introduction
The active stabilization, or 'locking', of a laser's frequency is a key feature of many atomic physics experiments. For example, the vast progress in the field of slowing and cooling atoms [1, 2] requires control of the laser frequency to a fraction of the linewidth of the atomic transition, which typically has a width of the order of MHz. A frequently used scheme involves 'dithering' [3] the laser frequency to obtain a signal which can be used to regulate the frequency of the laser (the 'error signal'). Such a system employs frequency modulation of the laser and subsequent lock-in detection, and yields steep error signals with zero crossings coincident with atomic reference transitions. However, there are many applications where it is advantageous to avoid frequency modulation of the laser, consequently many ditherfree techniques for producing suitable error signals have been developed. These techniques include polarization spectroscopy [4] [5] [6] ; the dichroic atomic vapour laser lock (DAVLL) [7, 8] ; a combination of saturated absorption and DAVLL [9, 10] ; Sagnac interferometry [11, 12] ; prismatic deflection [13, 14] ; using acousto-optic modulators [15, 16] ; lowfield Faraday polarimetry [17] ; velocity-selective saturated-absorption spectroscopy [18] ; bi-polarization spectroscopy [19] and a phase-modulated Ramsey technique [20] . It is also possible to accomplish frequency-modulation spectroscopy by using an external phase modulator driven at radio frequencies [21] . The pump-probe schemes listed above typically achieve sub-Doppler resolution, hence the 'capture range' (defined as the frequency excursion the system can tolerate and still return to the desired lock-point) is typically tens of MHz for spectroscopy with alkali metal atoms on the D2 transition. In contrast, the singlebeam techniques, such as DAVLL, typically have Doppler-broadened spectral features and consequently a much wider capture range.
The performance and capabilities of the various techniques differ. There are trade-offs between simplicity, cost, ease of operation, capture range, location of zero crossings with respect to the atomic reference, and sensitivity to external perturbations. The aim of this work is to provide a comprehensive experimental study of the DAVLL lineshapes obtained with the D2 transitions in 85 Rb and 87 Rb, characterizing the dependence on the magnetic field, the polarization of the probe light and the temperature of the cell. The structure of the remainder of the paper is as follows: section 2 outlines the origin of the DAVLL lineshape; section 3 describes the experimental apparatus and details of the methodology; sections 4-6 present the studies of DAVLL dependences on magnetic field, polarization and temperature, respectively; section 7 presents an investigation to establish the optimum absorption for DAVLL and in section 8 we draw our conclusions.
Origin of the DAVLL lineshape
The underlying principle of DAVLL is as follows. A linearly polarized probe beam is incident on an atomic vapour contained in a cell. The wavevector of the light is parallel to the axis of an applied magnetic field. After exiting the cell the beam passes through a quarter-wave plate before impinging on a polarizing beam splitter (PBS). The linearly polarized beam incident on the cell can be decomposed into two orthogonal circularly polarized beams of equal amplitude. The signals on the detector in the output arms of the PBS are proportional to the intensity of the right and left circularly polarized beams. Consider the simplest case of the probe frequency being in the vicinity of a J = 0 to J = 1 resonance. In the absence of a magnetic field the two states with m J = ±1 are degenerate. Both circular polarizations are absorbed equally, and the difference in signals is zero for all frequencies. For the case of a finite magnetic field the degeneracy is lifted and the medium becomes dichroic. The centre of the absorption line for one hand of circular polarization is displaced to higher laser frequency, whilst the other hand is displaced to lower frequency. Typically the magnetic field magnitude is chosen such that the displacement of the absorption lines is similar to their Doppler-broadened widths. Consequently the difference signal has a dispersion-like shape, with a zero at line centre, and a wide capture range.
This simple model does not account for all of the features of the spectra obtained in our experiment. A full model would take into account the multi-level nature of the atoms used. The experiments were performed with 85 Rb and 87 Rb, on the D2 transition at 780 nm. For an atom in the 2 S 1/2 ground state with nuclear spin I there are two values for the total angular momentum F, namely F = I ± 1/2. There are four values for the excited state angular momentum F , namely F = I ± 3/2, I ± 1/2. The hyperfine splitting of the ground states (3.0 GHz for 85 Rb, 6.8 GHz for 87 Rb) exceeds the room temperature Doppler width (∼0.5 GHz), whereas the excited state hyperfine splitting is less than the Doppler width. Therefore, the field-free absorption spectrum consists of two isolated Doppler-broadened absorption lines per isotope.
Consider, for example, the overlapping transitions from F = 3 to F = 4, 3, 2 in 85 Rb. There are 28 different Zeeman sub-levels which contribute to the signal, and for the typical On the right-hand scale the probe-only Doppler-broadened absorption for zero field is shown (grey solid), in addition to the sub-Doppler reference spectrum (black solid). On the same scale, the absorption of the different handedness circularly polarized light shows that one is displaced to a higher frequency, the other to a lower frequency (blue and green dash). Their difference is the DAVLL signal (red dash-dot) plotted on the left-hand scale.
fields used in these experiments the Zeeman effect for the hyperfine levels is larger than their spacing, consequently the hyperfine Zeeman matrix has to be diagonalized. The different transitions have different line strengths and different sensitivities to magnetic field (i.e., F-dependent Landé-g factors). Previous work shows that even incorporating these effects does not wholly account for the experimental spectra obtained, with the need to include optical pumping effects and a proper treatment of stray birefringence being a likely explanation of the remaining discrepancies [22] . Consequently we consider the development of a theoretical model of the expected DAVLL spectra to be beyond the scope of this work.
Experimental details

Optical components
The experimental set-up is shown in figure 1(a) . A Sharp GH0781JA2C laser diode was used in the Littrow configuration in a home-built external cavity mounting. The frequency of the laser was tuned by applying a voltage to a piezoelectric transducer mounted on the back of the diffraction grating. Typically a scan range of 2 GHz could be achieved without a mode hop. The output beam had a 1/e 2 radius of (1.2 ± 0.1) mm horizontally and (0.9 ± 0.1) mm vertically.
For frequency calibration we employed saturated absorption/hyperfine pumping spectroscopy [23, 24] . Sub-Doppler absorption features are obtained by using counterpropagating pump and probe beams. There are three excited state resonances coupled to each ground state via electric dipole transitions, namely
. In addition, one observes three cross-over resonances at frequencies halfway between each pair of conventional resonances. The scans were calibrated against the known Rb hyperfine structure [25] . Neutral density filters were used to set laser powers of (2.95 ± 0.04) µW and (0.48 ± 0.01) mW for the reference probe and reference pump beams, respectively. These values were chosen to optimize the resolution of the sub-Doppler features for the reference spectroscopy. The crossing angle of the reference pump and probe beams was (20 ± 5) mrad, governed by the location of other optical components. The spectrometer probe beam was detected using a simple amplified photodiode circuit; the DAVLL detector contained a similar circuit which subtracts the two photocurrents. Both detectors were calibrated and checked for linearity of response with respect to input power. The detectors have a measured responsivity of (0.552 ± 0.004) A W −1 , and the amplifier a transimpedence of (0.993 ± 0.001) M ; consequently a 10 µW beam generates a 5.5 V signal.
The DAVLL set-up utilized two narrow band polarizing beam splitters (Casix PBS0101); a low-order half-wave plate (Casix WPL1210); and a zero-order quarter-wave plate (Casix WPZ1210) for the analysis. The half-wave plate in combination with the polarizing beam splitter was used to both set the power and improve the polarization purity of the beam in the DAVLL set-up. A laser power of (9.73 ± 0.04) µW was chosen to optimize the DAVLL signal whilst still being in the weak-probe regime.
Typical experimental data are illustrated in figure 1(b) for the 87 Rb F = 1 → F transitions. The asymmetric DAVLL signal has a zero crossing which is not trivially related to any of the three F = 1 → F transitions, highlighting some of the issues discussed in section 2. The act of 'laser locking' to the DAVLL signal amounts to actively stabilizing the laser's frequency to this zero crossing and as such quantifying the dependence of the zero-crossing frequency on experimental parameters forms a large part of this paper. It should be stressed that this frequency can be adjusted by the addition of an offset to the DAVLL signal. This offset can be generated in a number of ways, including placing a neutral density filter in one of the arms of the polarization analyser, adjusting the angle of the quarter-wave plate or summing the DAVLL signal with a stable, low-noise dc reference voltage. The fact that the lock point can be trivially adjusted over a relatively large range of frequencies is one of the key advantages of the DAVLL technique.
Vapour cells and magnets
The majority of the experiments were performed using a 5 cm long room temperature vapour cell. For the measurements detailed in sections 4 and 5 this was housed in a 28 cm long water-cooled solenoid. The longitudinal field could be increased up to 444 Gauss. For a mean field of 102 Gauss the standard deviation across the central 5 cm long region occupied by the cell was measured to be 0.4 Gauss. The lateral variation in field across the width probed by the laser beam was less than 0.05 Gauss. For currents greater than 2 A (fields greater than ∼80 Gauss) the solenoid heated significantly, leading to an increase in temperature. Care was therefore taken to collect data quickly after the solenoid was energized to ensure the experimental conditions (vapour pressure in the cell and temperature-dependent birefringence in the cell windows) were the same for all data sets.
For the measurements as a function of temperature described in section 6 we used the heated cell shown schematically in figure 2. Two Marlow DuraTEC DT128LS heat pumps firmly attached to brass blocks housing the ends of a 5 cm vapour cell to a depth of ∼5 mm gave a temperature range of ∼17
• C-50
• C. A time of 3 h was found to be adequate for the cell to equilibrate at a particular temperature. This cell assembly was too large to fit into the solenoid, consequently annular magnets pressed out of sheets of rubber-embedded permanently magnetic material ('refrigerator magnet') were used to produce the axial field.
Dependence of DAVLL signal on magnetic field
Central to the DAVLL technique is the application of a magnetic field to the atomic vapour cell. Here we study the dependence of the DAVLL signal on the applied magnetic field using a 5 cm long cell at room temperature. The field was generated using the solenoid described in figure 3(c) ). The maximum gradient was (1.74 ± 0.06) mV MHz −1 recorded for the 85 Rb F = 3 → F at (113 ± 4) Gauss ('C' in figure 3(c) ). For the 87 Rb F = 1 → F and the 85 Rb F = 2 → F transitions we only present the dependence of the frequency of the zero crossing (see figure 4) , as the dependence of the signal amplitude and gradient on the magnetic field is qualitatively similar to that presented in figure 3 . Instead, the maximum signal amplitude and gradient and the fields at which these maxima occur are summarized in table 1 for each transition. It is clear from figure 3 that the DAVLL signals exhibit non-trivial dependences on the magnetic field as a result of the relatively small separation of the 87 Rb F = 2 → F and 85 Rb F = 3 → F transitions compared to the Doppler broadened linewidth. The zero crossing labelled A appears to shift linearly, whereas B and C have a nonlinear dependence on field. There is no simple theoretical prediction for the magnitude of the shift. Inspection of the amplitude of the three DAVLL features shows that all three features increase with field up to a broad maximum at ∼125 G, and decrease thereafter. The gradients of the three features at the location of the zero crossing exhibit a similar behaviour, with broad maxima at ∼125 G. The simple J = 0 → J = 1 model predicts a symmetric lineshape; an increase of the amplitude to a maximum and then no decrease with increasing field; a slope which grows initially until the amplitude is maximized, and then decreases. The differences between the simple theory and the experimental results are a manifestation of the multi-level nature of the atomic transitions with different linestrength factors, different shifts of the Zeeman levels with field, and optical pumping. The isolated transitions from the lower hyperfine ground states ( 85 Rb F = 2 → F 
Dependence of DAVLL signal on light polarization
Adjusting the angle of the quarter-wave plate in the DAVLL set-up is one of the simplest ways to alter the frequency of the zero crossing (i.e., the laser lock point). Here we investigate this dependence and show that the different transitions exhibit markedly different behaviours. All of the results presented in this section were taken at a temperature of (19 ± 1)
• C. The angles reported are measured between the fast/slow axis of the wave plate and the vertical axis of the PBS. A zero-order wave plate housed in a graduated rotary mount was used to investigate how the signal offset changes as a function of angle in steps of 0.2
• -0.4
• , depending on the transition. The 5 cm vapour cell was placed in the solenoid, providing a field of 150 G. The results are plotted as a function of the angle of the quarter-wave plate in figure 5 for all the transitions.
The observed variation in the DAVLL signal with the angle of the quarter-wave plate depends critically on the amplitude of the signal compared to the optical offset in the set-up (due to imperfect optics and stray birefringence in the cell). Of the DAVLL signals studied, the three largest amplitude features all show the property of having a detuning from resonance which exhibits regions where the detuning is very insensitive to the exact wave plate angle (roughly centred on 45
• , as expected). This is a desired property for a laser-locking scheme, as temperature fluctuations in the laboratory often lead to a rotation of the plane of polarization owing to temperature-dependent birefringent effects. Experimentally it is easy to determine the location of these wave plate settings: the optical offset is maximized and there is a convergence of the spectra around the desired wave plate angle (as illustrated in figure 5(a) ). The other two zero crossings (for the two transitions in 87 Rb) both exhibit a detuning which is strongly dependent on wave plate angle. For example, for zero crossing A in figure 5 a straight line fit in the vicinity of 39
• has a gradient of (−65 ± 1) MHz/degree, and around 51
• a gradient of (+80 ± 2) MHz/degree. This obviously is not a desirable feature for a laser-locking scheme. In the case of the 87 Rb transitions, the optical offset in the set-up at the wave plate angle where the DAVLL signals converge is greater than the amplitude of the signal and so one does not observe a zero crossing for this setting. In principle, an electronic dc offset can be added to the signal to access the 'wave plate-independent' angles, though care must be taken to ensure that the offset voltage is adequately stable. These results also highlight the importance of having high-quality polarization components with low temperature-dependent birefringence.
Dependence of DAVLL signal on temperature
Motivated by the need to increase the signal size for the two transitions in 87 Rb in order to access the 'wave plate-independent' angles, the temperature dependence of the DAVLL signals was investigated. Permanent magnets were used to provide the axial field. In contrast to the solenoid, the permanent magnets do not produce a uniform axial field. Along the length of the cell the magnets produced a mean field of 151 Gauss with a standard deviation of 59 Gauss. However, DAVLL traces obtained with the solenoid producing a mean field of 151 Gauss and the traces obtained with the permanent magnets are virtually identical (for example, for the 85 Rb F = 3 → F transition, the difference in the amplitudes was (1.1 ± 0.4)% and the difference in the line-centre slope was (4 ± 1)%). A stabilization period of ∼3 h was allowed between different temperature values. Seven or eight evenly spaced DAVLL traces were taken in the temperature range ∼17
• C to 50
• C for all four Rb D2 transitions. For each data set, the change in amplitude, location of the zero crossing and gradient at the zero crossing were extracted. Data are presented for the 87 Rb F = 1 → F transition 1 in figure 6 , as this exhibits the lowest room temperature absorption (typically <10% for a standard length cell). To facilitate the comparison of the results to the earlier results on the magnetic field dependence, both the amplitude and gradient have again been normalized to the maximum values recorded in figure 3 . It is then evident from figure 3 that operating the cell at ∼45
• C gives a DAVLL signal comparable to that obtained for the 85 Rb F = 3 → F transition in a room temperature cell.
In contrast to the magnetic field dependence, the amplitude and gradient of the DAVLL signals monotonically increase with temperature over the range studied for all the transitions. This is a direct consequence of the higher vapour pressure in the cell at higher temperatures 2 . The dependence of the detuning of the zero crossing on temperature was less clear due to variations in the optical offset in the DAVLL set-up. In particular, temperature-dependent birefringence of optical components and the cell windows means that although the off-resonant DAVLL signal was zero at room temperature, as the temperature was increased this optical offset signal did not remain zeroed. Note that although components such as the quarter-wave plate are not in thermal contact with the cell, the long timescale required for the cell to equilibrate at a new temperature makes the measurements sensitive to changes in the ambient room temperature. These problems lead to large variations in the detuning of the zero crossing when the amplitude and, consequently, the gradient of the DAVLL signal are small. For example, all the transitions exhibit greater variation in the position of the zero crossing at low temperatures. The larger signals obtained at higher temperatures reduce the impact of the problem. Moreover, there are temperature ranges where the position of the zero crossing becomes largely independent of temperature (for example, in figure 6(c) the 87 Rb F = 1 → F zero crossing does not vary with temperature between ∼38
• C and 47 • C). The possibility of locking to such 'temperature independent points' (TIPs) has been noted previously [22] . A considerable range in the frequency stability of lasers locked using the DAVLL technique has been reported by different authors. Results range from 350 kHz over 16 h to 5 MHz h −1 . These differences could be explained by some users locking at or near TIPs whilst others may have tuned the lock hundreds of MHz away.
Optimum absorption
The results of section 6 show a monotonic increase in DAVLL signal amplitude and gradient with increasing temperature. This trend cannot continue indefinitely. When the vapour pressure increases such that the cell becomes sufficiently optically thick the increased absorption must eventually cause the DAVLL signal to diminish in magnitude. To study this effect measurements were taken in a 10 cm long cell where the Rb was provided from heated alkali metal dispensers (SAES Getters) [26] . Permanent magnets were used to provide a magnetic field with a mean value of 73 Gauss and a standard deviation of 68 Gauss. By increasing the current in the dispensers the Rb vapour pressure could be increased until the transmission of the laser was greatly diminished. Figure 7 shows the data obtained. It is seen that the gradient at the zero crossing reaches a maximum when the absorption reaches ∼75% , beyond which it falls dramatically. This result is important in cases where DAVLL is to be used with an atomic species that exhibits large absorption at room temperature (for example, the line-centre absorption on the 133 Cs F = 4 → F transition in a 5 cm cell is 90%). Moreover, these results demonstrate that further improvement in (and control of) the signal can be accomplished by using a rubidium dispenser housed in a simple cell to control the vapour pressure. Further development of such cells is continuing in our laboratory [26] .
Conclusions
In summary, we have studied the DAVLL spectra for all four Doppler-broadened transitions ( 87 Rb F = 1 → F , 87 Rb F = 2 → F , 85 Rb F = 2 → F and 85 Rb F = 3 → F ) in the D2 line. The dependence of the DAVLL spectra on magnetic field, wave plate angle and temperature were all investigated. The optimum magnetic fields for the amplitude and gradient are relatively low and convenient to set using either permanent magnets or a solenoid. The variations of the axial magnetic field, which is much more prominent with the permanent magnets and largely negligible with the solenoid, was shown not to influence the spectra obtained. The existence of temperature-independent points was confirmed, and the investigation of the detuning of the zero crossing with the angle of the quarterwave plate highlighted the existence of 'wave plate-independent' angles. When locking the frequency of the laser to a DAVLL signal, the greatest stability will be obtained by operating at both temperature and wave plate-independent locations. Note that when the off-resonant optical offset, due to unwanted birefringence in the cell windows or imperfect polarization optics, is greater than the signal amplitude the 'wave plate-independent' angles no longer correspond to a zero crossing-emphasizing the need for high quality optics, particularly when locking to weaker absorption features, such as the 87 Rb F = 1 → F transition. This problem can be circumvented by using the heated DAVLL cell presented here to increase the signal amplitude to be comparable to that for the transitions in 85 Rb. Alternatively, further improvements in (and control of) the DAVLL signal can be achieved using alkali dispenser cells; an approach that is being actively pursued in our laboratory.
